ABSTRACT
INTRODUCTION
Since the 1970s, with an increase in traffic demands and the extended urban sprawl, the number of vehicle crashes has been rapidly rising in Korea. Each year, more than 220,000 crashes occur on public roads and over 340,000 people are injured. Additionally, more than 5,000 people lose their lives in road accidents. Due to the steady increase in traffic, a higher number of vehicle crashes occur in urban areas, particularly at urban intersections. In Korea, around 45% of all vehicle crashes occur at urban intersections. Vehicle crashes associated with urban intersections cause 47% of injuries and 28% of deaths out of all vehicle accidents.
Over the last decades, the transportation engineers have been struggling to solve urban traffic problems, such as traffic congestion and poor traffic safety. However, these problems are often conflicting, as a faster flow of traffic means an increase in driving speed, which can lead to an increase in vehicle crashes [1] . For improved travel time and traffic safety, new technologies, such as red light camera and actuated signal control, have been implemented at urban intersections. Generally, the actuated signal controls are classified into two systems: the fully-actuated and semi-actuated signal control. The actuated signal control is recognized as the appropriate method for isolated intersections where traffic demands and patterns vary. The semi-actuated signal control is used mainly at isolated intersections located in major arterial and minor arterial crossings. In Daejeon metropolitan city, the fifth most populated city in Korea with approximately 1.5 million residents, the semi-actuated signal controls have been mainly implemented at urban intersections to improve the travel time. Daejeon was the first city designated for the pilot project involving the implementation of advanced transportation systems, such as ITS (Intelligent Transportation System) in 2000. Daejeon was used as a pilot project to gain accurate data for the analysis of safety impacts of semi-actuated signal controls.
Over the last decade, a number of studies conducted in many different cities and countries around the world have concentrated on assessing the safety impact of red light camera. However, the effectiveness analysis of actuated signal control at urban intersections has not been attempted. Many studies have been carried out to optimize signal timing or to study the effectiveness and efficiency of signal operation. However, these studies do not necessarily account for the safety impacts of the actuated signal control. This study focuses on the analysis of safety impacts of semi-actuated signal controls in Daejeon using EB (Empirical Bayesian) approaches.
With the current practice, various methods and models have been developed for the safety assessments of urban intersections. However, only a few studies have been conducted to analyze the safety impacts of urban intersections with actuated and semi-actuated signal controls. To overcome the limitations of obtaining information regarding the relationship between the implementation of actuated/semi-actuated signal controls and vehicle crash frequencies, useful methods and models should be benchmarked and applied to assess the safety impacts. This assessment uses various qualitative and quantitative methods. For instance, Young et al. (2009) introduced safety impacts for an incident reduction function into an actuated signal controller using a discrete event traffic micro-simulation model. The study results show that this technique can reduce vehicle crashes by 22% and red light violations by 6% [2] . developed multinomial logit models to estimate the crash likelihood of safety impacts of signal coordination and other road and traffic variables. This study focused on particular crash types, such as rear-end and right-angle collisions, as well as crash severity affected by signal coordination [3] . Yun et al. (2011) conducted comparison analysis of the safety impact of fixed-time signal control, fully actuated signal control, and semi-actuated signal control using the Surrogate Safety Assessment Model based on the conflict theory developed by FHWA [4] . Kim et al. (2002) carried out the enhancement of actuated signal control safety to minimize the dilemma zone using Volume-Density control, R-detector, and EC-DC Control. It has been concluded that the appropriate strategies result in minimized dilemma zones to improve intersection safety [5] .
Regarding modelling safety performance functions, many statistical methods have been used, depending on the factors such as traffic volume and geometric information as well as other characteristics of urban intersections. Lord et al. (2000) developed an accident prediction model (APM) with an application of generalized estimating equations (GEE) that incorporates trends in accident data. The accident prediction model reflects the variation in accident occurrences from year to year [6] . Ma et al. (2006) developed models of injury count by severity using a type of multivariate Poisson specification which can be estimated in a Bayesian framework using Gibbs Sampling [7] . Persaud et al. (2002) demonstrated the complexity of calibrating macroscopic accident prediction models for urban intersections. These models were used in the Empirical Bayesian methods which can examine the actual accident experience of a specific intersection and compare it to the expected safety performance of similar intersections (compared groups) [8] . Heydeck- 
METHODOLOGY

Steps of proposed study methodology
The proposed methodology for the analysis of safety impacts at urban intersections with semi-actuated signal controls in Daejeon comprises three steps: i) Data processing from scattering sources to estimate the safety impacts of intersections with semi-actuated signal control using geometric information and crash data of relevant intersections, ii) Development of SPFs (Safety Performance Functions) using data from intersections without fully and semi-actuated signal controls implemented, and iii) EB analysis of the effectiveness of urban intersections with and without semi-actuated signal controls before and after the implementation of semi-actuated signal controls at intersections.
The EB approach for analysing the safety impacts of urban intersections with semi-actuated signal controls is carried out in two steps: i) Estimating EB adjusted crash frequencies for semi-actuated signal control implementation before and after the implementation periods, and ii) Quantifying the safety impacts of semi-actuated signal controls by crash severity (injury and fatality).
Development of safety performance functions
Consideration of SPF models
SPFs are defined as statistical models for the prediction and explanation of vehicle crashes that use variables related to vehicle crash frequency. SPFs can be developed in comparison groups using geometric, vehicle crash, and traffic volume data from urban intersections without semi-actuated signal control, and they can be used for EB analysis. SPF models are also determined by the characteristics of dependent and independent variables, which may affect vehicle crash frequency. Previous studies regarding vehicle crash modelling have suggested that Poisson and negative binomial models have been used for modelling with discrete variables, such as vehicle crashes [11, 12, 13, 14, 15] . Linear models of vehicle crashes may not show statistical significance, due to vehicle crash data, which is non-negative and discrete in nature. With linear models, the statistical assumption that the error terms (residual) of vehicle crash data are typically normally distributed, is not satisfied [16] .
The Poisson model assumes that crashes occurring at a particular urban intersection are independent of one another and independent of the mean number of crashes per unit time in the characteristics of a given intersection and of other intersections with similar properties. The general equation of the Poisson probability function and the mean are given by:
where β is the vector of coefficients (β 0 , β 1 ,..., β n ); y i is the observed vehicle crash count at intersection i; and μi is the expected number of crashes at intersection i. The value of β that maximizes the log likelihood function is the estimated coefficient vector β and the estimated value of μ i is the expected vehicle crash frequency.
However, the Poisson regression model has a very strict assumption that the variance of the dependent variable is constrained to be equal to the mean of the dependent variable. If the data are over-dispersed (i.e., if the variance is greater than the mean), then the coefficient vector β will be biased. Even though the Poisson Regression model has this limitation, it is still the basic model to determine vehicle crash frequency and it has many applications [17, 18] .
To overcome the limitations of the Poisson regression model with over-dispersed data, the negative binomial regression model can be used to develop vehicle crash frequency models. The negative binomial regression model is considered as a generalized form of the Poisson regression model, since it has the same mean structure as the Poisson regression model and has an extra parameter to model over-dispersion. The negative binomial model and the variance of the negative binomial model are formulated as follows:
Urban intersections with semi-actuated signal controls Observed crash frequency of urban intersections with semi-actuated signal control for before and after implementation periods Urban intersections from peer group without semi-actuated signal controls
Develop SPF using data of geometric information and crashes on urban intersections without semi-actuated signal controls in peer group
Predict crash frequency of urban intersections before semi actuated signal control implementation
Calculate the EB -adjusted crash frequency of urban intersections with semi-actuated signal control before the implementation periods
Calculate crash frequency of urban intersections with semi-actuated signal control for after implementation periods assuming that it had not been implemented using before period EB crash frequency by AADT changes
Compare differences between EB results and observed crash frequencies for after implementation as safety impacts of urban intersections with semi-actuated signal controls 
where α is the over-dispersion parameter estimated by the maximum likelihood technique and Γ is the gamma function.
The negative binomial regression model is estimated using the standard maximum likelihood method by applying the likelihood function. The negative binomial regression model is presented as follows: b a a n a a n
where α is the over-dispersion parameter; β is the vector of coefficients (β 0 , β 1 ,..., β n ); y i is the observed crash count at intersection i; and μ i is the expected number of crashes at intersection i.
The selection of the Poisson regression model and the negative binomial regression for vehicle crash modelling depends on the statistical significance of the over-dispersion factor. If the over-dispersion factor is not significantly different from zero, the Poisson model is considered to be the correct choice. If the over-dispersion factor is greater than zero, then the negative binomial model is considered to be appropriate method for modelling the vehicle crash frequency.
Considering zero inflation
The crash data may have a large number of observations with zero crash occurrences. In fact, many intersections experience zero vehicle crashes in a given year. In these cases, the zero inflated Poisson model or the zero inflated negative binomial model can be used to develop the vehicle crash frequency model [11, 17] . These zero inflated models estimate two crash models simultaneously, the count model and the zero count model. The basic zero inflated concept is shown as follows:
with Probability with Probability
Additionally, the zero inflated Poisson model is given by:
while the zero inflated negative binomial model is given by: In this study, model forms both with or without zero crash inflation are investigated in the Poisson regression model and the negative binomial regression model. The collected geometric information, vehicle crashes, and traffic volume data of urban intersections without semi-actuated signal controls in comparison groups are reflected in these models.
SPF model validation
In previous studies, the modelling processes using the Poisson and the negative binomial model were accomplished using NLOGIT econometrics software [19] . The NLOGIT software yields estimates of the coefficients as well as the standard errors for each coefficient from which the p-values and t-statistics can be computed. The likelihood ratio test is a common test used to assess two competing models [17] . Additionally, R p -square of the Poisson regression model and R α -square of the negative binomial regression model can be computed to fit each test in an accurate manner. In addition, in order to consider a more detailed model validation, Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and Vuong Test can be checked.
Safety impact analysis from EB approaches
Computation of EB adjusted crash frequencies for the period prior to the implementation
To predict vehicle crash frequency at urban intersections with semi-actuated signal controls for the period prior to the implementation, the EB adjusted crash frequency, which resolves the regression to the mean problem for the period prior to the implementation, needs to be estimated to carry out the analysis [18, 20, 21, 22] . The typical EB adjusted crash frequency model for the period prior to the implementation is demonstrated as:
where EB B is the EB adjusted crash frequency in n years for the period prior to the implementation; w is the computed weight factor; PB is the number of predicted crashes for the period prior to the implementation, as stated by the SPF model; and O B is the total number of observed crashes in n years for the period prior to the implementation. The weight factor w for a targeted intersection can be established based on the over-dispersion parameter determined in the process of calibrating the SPF, as follows:
where α is the over-dispersion parameter for crash frequency per year; P n,B is the predicted crash frequency for the intersection in year n for the period prior to the implementation; and n=1, 2,..., N.
Computation of EB adjusted crash frequencies for the after the implementation period
In the EB approach process, the EB adjusted crash frequency for the period prior to the implementation can be used to predict an EB adjusted crash frequency for the after the implementation period if semi-actuated signal controls in the targeted intersections are not implemented in the after the implementation period. The computation needs to consider mainly the changes in average annual daily traffic (AADT) at the intersection between before and after the implementation periods. The EB adjusted crash frequency model for the 'after implementation period' is defined as, where EB B is the EB adjusted crash frequency for the period prior to the implementation; EB A is the EB adjusted crash frequency for the after implementation period if the implementation of semi-actuated signal controls has not been implemented; and AADT n,major and AADT n,minor , AADT m,major , AADT m,minor are the annual average daily traffic at the intersection of major and minor legs for the before and after implementation periods, respectively.
SAFETY IMPACTS OF SEMI-ACTUATED SIGNAL CONTROL
Data collection and processing
The EB approach, which is the proposed methodology, was applied using the data on urban intersections with and without semi-actuated signal control in Daejeon collected from 2007 to 2012. This section discusses the calibration of SPF for injury crashes associated with urban intersections and EB analysis for safety impacts of semi-actuated signal controls.
To develop the SPF models, this study obtained the data from 37 urban intersections without semi-actuated signal control in Daejeon for the period 2007~2012 from available databases provided by Daejeon Metropolitan City, Daejeon Metropolitan Police Agency and the Road Traffic Authority. The data from intersections have been maintained for up to six years. The summary of urban intersections without semi-actuated signal controls used for SPF calibration is shown in Table 1 .
To develop SPFs, first geometrics, vehicle crashes, and traffic volume data from urban intersections as comparison groups should be appropriately classified into the dependent (response) and independent (explanatory) variables. In this study, the number of vehicle crashes per intersection per year in terms of crash severities (injury and total) is the dependent variable for SPF modelling. Factors that may affect vehicle crash frequencies, such as AADTs (the number of vehicle entering intersections), land usage, speed limits, traffic islands, the number of lanes in each leg, median barriers, cross walks, left and right turn pockets, auxiliary lanes, and front traffic signals that have been implemented at the entrances of intersections due to the large intersection size, and the like, are independent variables.
SPF calibration
The calibrating of SPFs in this study follows typical steps comprised of variable choices, SPF model choice, and model validation. First, a preliminary data analysis was conducted to obtain the distribution of independent variables and to identify variables, which may affect the occurrence of vehicle crashes at urban intersections. Second, the SPF model was formulated by adding each independent variable in a stepwise manner to test the effects of variables in vehicle crashes. Subsequently, the SPF model validation tests were conducted. Finally, SPFs at urban intersections were calibrated for injury crashes (injury A and injury B) and total crashes (all injuries and fatalities).
As with calibrating SPFs for urban intersections without semi-actuated signal controls, the Zero Inflated Poisson Regression with normal heteroscedasticity was formulated as the most accurate model of SPFs for injury and total vehicle crashes. These calibrations indicated that many intersections showed no occurrence of vehicle crashes for the study period and no apparent over-dispersion. For SPFs for both injury crashes and total crashes, the major road AADT, number of lanes, speed limits, left turn pockets and front traffic signals were found to be significant. To validate the calibrated SPF models, McFadden Pseudo R p 2 , which represents the fit of SPF models, was computed, with the value of 0.701 for injury crashes and 0.705 for total crashes. This means that the calibrated SPF models were statistically significant for vehicle crash frequencies at urban intersections without semi-actuated signal controls.
Estimation of safety impacts of semiactuated signal control
Since 2004 only 38 semi-actuated signal controls have been implemented at urban intersections in Daejeon Metropolitan City. Some of the semi-actuated signal controls have been operating for over nine years while others were implemented only recently. Additionally, many urban intersections with semi-actuated signal controls have shown no vehicle crashes during the specified study periods. Therefore, the targeted intersections with semi actuated signal controls were classified according to the implementation date and the number of vehicle crashes. Consequently, we gathered the data from 10 urban intersections with semi-actuated signal controls in Daejeon covering a period of six consecutive years (2007~2012) for the analysis of the safety impact.
The safety impacts of semi-actuated signal control are evaluated for total vehicle crashes and prevalent vehicle crash types at intersections, such as angle, rear end & side swipe, and head-on crashes [23] . For each of evaluation of crash types, safety impacts in terms of percentages of reductions or increments of injury and total crashes were calibrated for urban intersections with semi-actuated signal control.
As result of EB approaches, Figures 2 and 3 illustrate the safety impacts of semi-actuated signal control for injury and total crashes, respectively, at urban intersections in Daejeon. The semi-actuated signal controls could, on the average, increase injury crashes by around 5.9% for all crash types. However, in three targeted vehicle crash types (angle, sideswipe & rearend, and head-on) with semi-actuated signal controls, EB analysis results showed different consequences for all crash types, with a reduction in injury crashes of over 7.7%. This suggests that semi-actuated signal controls have positive safety impacts on urban intersection in Daejeon.
The semi-actuated signal controls will increase total crashes by 3.8%, on the average. However, in specific types of targeted crashes related to urban intersections with semi-actuated signal controls (including angle, sideswipe & rear-end, and head-on), EB analysis showed different results for all crash types as same as injury crash results, with a reduction of total crashes of around 9.2%.
In addition, with EB analysis, each targeted crash type showed similar results for injury and total crashes. In injury crashes, angle and sideswipe & rear-end crashes were reduced by around 10.9%, respectively, because of semi-actuated signal controls. Additionally, semi actuated signal controls could decrease the average amount of total crashes from angle crashes by about 13.0%. Moreover, total crashes from sideswipe & rear-end and head-on crashes affected by semi-actuated signal controls could decrease by about 9.8% and 20.2%, respectively. All three targeted crash types were affected positively and to a great degree more positively than all crash types. This could be because signal timings and phases can be provided reasonably by traffic conditions at each intersection. 
RESULTS
This study analyzed the safety impacts for urban intersections equipped with semi-actuated signal controls in Daejeon Metropolitan City, Korea. A large number of previous studies on fully actuated and semi-actuated signal controls have focused on the optimization of signal timing and the minimization or maximization of green times. Only a few studies found that optimal signal timing with certain techniques or algorithms can improve traffic safety at urban and rural intersections. However, it is difficult to provide numerical evidence for determining the safety impacts of actuated signal controls. Therefore, this study has conducted practical analysis of the safety impacts of urban intersections equipped with semi-actuated signal controls using vehicle crash data from the period of 2007-2012 as well as EB approaches.
In order to use EB approaches for the safety impact of semi-actuated signal controls, data collection, data processing, and preliminary data analysis were carried out to obtain the distribution of dependent variables and to identify variables that affect the occurrence of vehicle crashes at urban intersections. Second, safety performance functions were established for injury and total crashes at urban intersections without semi-actuated signal controls, which were used as comparison groups. This study has shown that the zero inflated Poisson regression with normal heteroscedasticity was an appropriate model for both injury and total crashes, considering factors such as geometrics, vehicle crash, and traffic volume data. Finally, EB analysis has been conducted to examine the safety impacts of urban intersections with semi-actuated signal controls.
As the results showed, the semi actuated signal controls increased injury crashes of all crash types by around 5.9%. Concerning crash types, such as angle, rear-end & sideswipe, and head-on crashes, semi-actuated signal controls decreased injury crashes by around 7.7%. Similar to injury crashes of the three aforementioned crash types, total crashes decreased by around 9.2% due to the implementation of semi-actuated signal controls. For each crash type associated with urban intersections, injury crashes involving angle, sideswipe & rear-end, and head-on crashes decreased by 10.9%, 10.9% and 25.1%, respectively, and total crashes involving angle, sideswipe & rearend, and head-on crashes decreased by 13.0%, 9.8% and 20.2%, respectively. This may be a result of reasonable signal systems considering traffic conditions and prevention of red light violations. According to the preliminary data analysis of historical data from Daejeon Metropolitan City, a large proportion of crashes in urban intersections with semi actuated signal controls occurred at peak times of the day. Additionally, vehicle crashes caused by red light violations tended to occur mainly at an off-peak time of day.
CONCLUSION
In this respect, vehicle crash data from urban intersections with semi-actuated signal controls and vehicle crashes related to red light violations need to be assessed for the safety impacts associated with semi-actuated signal control implementations. Additionally, considering safety impact factors, such as AADT, number of lanes, speed limits, left turn pockets and front traffic signals would help improve safety associated with semi-actuated signal controls as well as minimise travel times.
To analyze the safety impacts of semi-actuated signal control implementations, SPFs need to be developed using Daejeon metropolitan city data. However, some important data, such as the number of property damage only crashes (PDOs), geometric design details, and other factors affecting safety performances were not obtained for the purpose of this study. Therefore, the improved data collection will certainly enhance the statistical significance of SPFs. Moreover, the safety impact analysis can be conducted with larger amounts of data and longer historical records of vehicle crashes. 
